Purpose: The purpose of this study was to examine the feasibility of a fast protocol for whole-body diffusion-weighted imaging (WB-DWI) using a sliceaccelerated echo-planar sequence, which, when using comparable image acquisition parameters, noticeably reduces measurement time compared to a conventional WB-DWI protocol. Materials and Methods: A single-shot echo-planar imaging sequence capable of simultaneous slice excitation and acquisition was optimized for WB-DWI on a 3 T MR scanner, with a comparable conventional WB-DWI protocol serving as the reference standard. Eight healthy individuals and one oncologic patient underwent WB-DWI. Quantitative analysis was carried out by measuring the apparent diffusion coefficient (ADC) and its coefficient of variation (CV) in different organs. Image quality was assessed qualitatively by two independent radiologists using a 4-point Likert scale. Results: Using our proposed protocol, the scan time of the WB-DWI measurement was reduced by up to 25.9 %. Both protocols, the slice-accelerated protocol and the conventional protocol, showed comparable image quality without statistically significant differences in the reader scores. Similarly, no significant differences of the ADC values of parenchymal organs were found, whereas ADC values of brain tissue were slightly higher in the slice-accelerated protocol. Conclusion: It was demonstrated that slice-accelerated DWI can be applied to WB-DWI protocols with the potential to greatly reduce the required measurement time, thereby substantially increasing clinical applicability.
Key Points
Introduction ! Whole-body diffusion-weighted imaging (WB-DWI) is one of the most promising diagnostic techniques for the assessment of systemic oncological diseases such as malignant lymphoma (1), myeloma (2), melanoma (3), thyroid cancer (4), colorectal cancer (5), and uterine and cervical carcinoma (6). WB-DWI has attracted attention as a promising alternative to 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) in many malignant diseases [1, 2, 4, 7 -11]. The implementation of WB-DWI as a clinical tool in the management of oncological patients for initial disease staging and assessment of treatment response is, however, hampered by the relatively long measurement time, on the order of 30 -60 minutes for a complete data set, which is likely a primary reason for its low utilization in daily clinical routine. Within recent years, many new MRI acquisition techniques have been developed, allowing for a notable reduction of measurement time. One of the most promising approaches for diffusionweighted imaging (DWI), in terms of reduced acquisition time, is the implementation of multi-slice excitation and acquisition, also known as "simultaneous multi-slice" (SMS) or "slice-accelerated imaging" [12] . Typically, in DWI one slice alone undergoes 2D spin excitation with subsequent data readout using an echo-planar imaging (EPI) strategy. The idea of slice-accelerated pulse sequences is to apply multiband (MB) composite RF pulses with a slice selection gradient to simultaneously excite multiple slice planes. Using a conventional EPI readout, the simultaneously excited slice would result in image aliasing; therefore, advanced readout techniques are applied, which use the different sensitivity of the receiver coil array to de-alias the images from different slices. Recently, the "controlled aliasing in parallel imaging results in higher acceleration" (CAIPIRINHA) technique [13] was introduced to separate slices with reduced g-factor penalty. Subsequently, Setsompop et al. [14] modified this technique and introduced a blip strategy that balances the blips applied to slices to minimize the voxel tilting artifact. The blips are applied simultaneously with the EPI phase-encoding blips and create interslice image shifts in the phase-encoding direction. However, this technique has not yet been used for WB-DWI, although there have been promising results, e. g., for the liver [15] . In this paper, we examine the hypothesis that an EPI sequence capable of simultaneous image acquisition can be applied to WB-DWI and will achieve similar image quality compared to conventional WB-DWI protocols with a notable reduction of measurement time. The hypothesis was tested in eight healthy volunteers; preliminary data on clinical applicability was obtained in one oncological patient.
Material and Methods

!
Subjects
In this prospective study, eight healthy volunteers were included (age range: 25 to 42 years; mean age: 30.1 years; all male), as well as one patient with metastatic renal cell carcinoma (74 years old, male). This study was performed with the approval of the local ethics committee. All subjects gave written informed consent for the MRI examination and the subsequent scientific evaluation of the data sets. The sample size was estimated according to Eng. Assuming an SD of 10 % and a minimum expected difference of 5 %, the sample size was calculated to be 7.85 [16] .
MR imaging
A non-product single-shot spin-echo EPI sequence (multiband EPI: MB-EPI) capable of slice acceleration was modified to match a conventional WB-DWI protocol with a standard EPI sequence. This technology is also known as "multiband" or "simultaneous multi-slice." The slice-accelerated EPI sequence uses the blipped CAIPIRINHA technique to separate simultaneously excited slices and applies the GRAPPA (generalized autocalibrating partially parallel acquisition) reconstruction technique. The slice-acceleration factor, which is an integral factor and specifies the number of simultaneously excited slices, was set to 3. All measurements were performed on a 3 T Siemens MRI scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) using the complete whole-body matrix coil set (a 20-element head/neck matrix coil, a 32-element spine matrix coil, two 18-element body matrix coils, and a 36-element peripheral angio matrix coil). Subjects were placed in the supine position. The majority of imaging parameters were kept constant for both protocols: the whole-body examination contained seven blocks covering the body from head to toe. An overview of the imaging parameters is provided in • ▶ Table 1 . Differences between the two protocols were: (a) In the slice-accelerated EPI sequence, a slice-acceleration factor of 3 was applied; (b) this allowed for a notable reduction of the repetition time (TR) to 5000 ms, whereas the conventional EPI sequence had a minimum TR of 10 700 ms; (c) to keep the SNR stable, the high b-value of 800 s/mm 2 of the conventional WB-DWI protocol was reduced to 700 s/mm 2 ; (d) a slight increase of the echo time (TE) from 70 ms to 73 ms in the slice-accelerated EPI was noted; and (e) in the slice-accelerated EPI, the number of slices per acquisition block had to be increased from 50 to 51 (to reach a multiple of the applied slice-acceleration factor of 3). In both acquisition protocols and for all table positions, SPAIR fat saturation was applied with previous advanced automatic shimming. Parametric maps of the apparent diffusion coefficient (ADC) Potential besitzen, die benötigte Messzeit drastisch zu verkürzen und somit die klinische Anwendbarkeit der Ganzkörperbildgebung zu steigern. Kernaussagen ▶ Die Ganzkörper-diffusionsgewichtete Bildgebung mit simultaneous multi-slice und blipped-CAIPIRINHA-Technik reduziert die Messzeit stark ohne einen signifikanten Einfluss auf die Bildqualität.
▶ Diese Reduktion trägt zur klinischen Anwendbarkeit der Ganzkörper diffusionsgewichteten MRT bei.
▶ Weitere Verbesserungen der slice-accelerated EPI-Sequence sind jedoch nötig und die Anwendung dieser Technik für onkologische Patienten bedarf einer weiteren Evaluierung in klinischen Studien.
were automatically calculated by the built-in post-processing routine. Furthermore, the head of one more volunteer was measured using the same b-value in both sequences (b = 800 s/mm 2 ).
Qualitative imaging evaluation
Image quality of the ADC maps and of the DWI trace images of the higher b-value (700 s/mm 2 for slice-accelerated EPI, 800 s/mm 2 for standard EPI sequence) and the lower b-value (50 s/mm 2 each) were assessed by two independent radiologists, one with 12 years and the other with 3 years of experience. We used the following 4-point Likert scale to rate the depiction of the white matter (WM), gray matter (GM), CSF, liver, spleen, renal cortex, renal medulla, and skeletal muscle on the ADC maps and trace maps: 1 (excellent), 2 (good), 3 (fair), 4 (poor). Furthermore, the overall level of image noise on ADC and trace maps was deter-mined based on another 4-point scale for the head, abdomen, and upper leg: 1 (very little), 2 (little), 3 (moderate), 4 (severe).
Quantitative ROI analysis of ADC values
To assess the comparability and variability of the ADC values for both sequence types, we performed a region-of-interest (ROI) analysis of different parenchymal organs (CSF, WM, GM, liver, spleen, renal cortex, and muscle). The ROIs were placed as shown in• ▶ Fig. 1 .
Statistical analysis
For statistical analysis, the SPSS 22.0 software package (IBM SPSS Statistics, IBM Corp., Somers, NY) was used. The image quality scores of slice-accelerated DWI and conventional DWI were compared using multivariate ANOVA. A p-value of less than 0.05 was 
Results
!
Acquisition time
A substantial reduction in scan acquisition time could be achieved using the slice-accelerated EPI sequence (• ▶ Fig. 2 ). For four table positions (from head to upper thigh), a time reduction of 24.2 % (26:08 instead of 34:29) could be achieved, and for a whole-body protocol with 7 table positions, a time reduction of 25.9 % (41:13 instead of 55:37) could be achieved. • ▶ Table 2 , 3 give a comprehensive overview of the acquisition times for each block and the influence of the shimming, diffusion sequence, and prescans on the acquisition times. The estimated acquisition times include more than the real diffusion sequence, e. g., single-band dummy scans, in-plane reference scans, simultaneous multi-slice (SMS) reference scans, SMS dummy scans, and eddy current reference scans. The function of the dummy scans is to reach the steady state, i. e., to achieve the intended flip angle by repeated excitation with magnetization remaining from the previous excitation. The reference scans are needed to split the measured slice-accelerated data, the in-plane reference scan is needed for the calculation of the kernel of unmeasured k-space values, and the SMS reference scan is needed for the separation of simultaneously excited slices. The reference scans are applied in the following order: 1. Dummy scan (a singleband scan with the total amount of slices); 2. SMS reference scan; 3. In-plane reference scan; 4. SMS dummy scan. The duration of reference scans 2, 3, and 4 is shorter than that of reference scan 1 because of the acceleration factor used. In this study, an acceleration factor of 3 was used. Therefore, the estimated duration of the image acquisition for each block is greater than that which is calculated using the following equation 
Qualitative image evaluation
Both methods showed subjectively comparable image quality with good to fair depiction of anatomical structures and little to moderate noise, depending on the imaging region. • ▶ quence. Furthermore, the ANOVA showed no significant differences between the sequence (p = 0.54) and the reader (p = 0.38) on these images. On the images with high b-values, the ICC also indicated almost perfect agreement, with 0.84 on the slice-accelerated images and 0.96 on the standard EPI sequence. The ANOVA revealed no significant differences between reader (p = 0.62) and sequence (p = 0.55). On the ADC maps there were also no differences between reader (p = 0.054) and sequence (p = 0.33), and the ICC further indicated almost perfect agreement on the sliceaccelerated (0.83) and the standard EPI images (0.81). The liver and muscle showed a significantly poorer depiction compared to the kidney, and upper leg noise was significantly higher compared to head noise. The liver and muscle are located close to air, leading to susceptibility differences at air-tissue interfaces, which might explain the above-mentioned differences. Additionally, artifacts due to severe tissue motion could explain the poorer depiction of the liver.
Quantitative assessment of ADC values
The measured ADC values and the coefficients of variation (CVs) are summarized in • ▶ Table 7 . No significant differences in the ADC values for the two sequences were found for the parenchymal abdominal organs, CSF, and skeletal muscle: liver p = 0.3; renal cortex p = 0.4; spleen p = 0.5; CSF p = 0.7; and skeletal muscle p = 0.2. However, GM and WM showed higher ADC values for the slice-accelerated protocol (p < 0.01 for both GM and WM). This finding was confirmed in the measurements in one volunteer using identical b-values. The CVs of the ADC values of CSF, GM and WM were lower in the protocol using the slice-accelerated EPI sequence than in the standard protocol, whereas the CVs of parenchymal abdominal organs and skeletal muscle were higher in the slice-acceleration approach when compared to the standard protocol.
Preliminary assessment of clinical applicability in one patient
Slice-accelerated WB-DWI measurement in one patient with metastatic renal cell carcinoma was successfully performed (• ▶ Fig. 3) .
The known metastatic lesions (pulmonary metastases, metastasis in the right flank) could easily be identified. The detected lesions exhibited ADC values ranging from 1.32 (± 0.23) × 10 -3 mm 2 /s for the pulmonary metastasis to 1.27 (± 0.01) × 10 -3 mm 2 /s for the flank metastasis.
Discussion
!
The application of whole-body diffusion-weighted imaging (WB-DWI) in the clinical workup of oncological patients is severely hampered by the long acquisition time of conventional protocols.
In the present study, we demonstrated that the new technique of simultaneous multi-slice excitation and data readout in diffusion-weighted EPI sequences can be applied to significantly reduce measurement time. Furthermore, we did not detect significant differences in image quality, and, for the most part, the ADC values were not significantly different from those for conventional EPI sequences.
In our protocol, we were able to reduce overall measurement time for whole-body acquisition by 24.2 -25.9 % using a slice-acceleration factor of 3. In principle, the acceleration factor correlates to a directly proportional reduction in measurement time; therefore, with an acceleration factor of 2 the acquisition time can be reduced by 50 %. The reason for the smaller reduction in measurement time in our protocol is the time needed for advanced shimming at each table position. We were not able to obtain sufficient image quality using an inversion prepulse for fat saturation in our sequence in development. To obtain satisfactory fat suppression in areas of strong magnetic field inhomogeneities such as the neck area, we had to apply a time-consuming advanced automatic shim routine combined with SPAIR fat suppression. Switching the shim from the advanced routine to a standard technique would lead to a reduction in scanning time of 35 -54 %. There is no technical reason precluding the application of an inversion pulse to the simultaneous multi-slice acquisitions, which should be possible with further development of the slice-accelerated EPI sequence. Although we were able to achieve comparable image quality and similar quantitative ADC values for both protocols, statistically significant differences remained. The most prominent difference is the higher ADC values for the slice-accelerated acquisition measured in brain tissue. We initially thought that this finding may be attributed to the slightly different high b-value that was applied in the multiband slice-accelerated acquisition. Therefore, the head of another volunteer was scanned using the slice-accelerated sequence with a b-value of 800 s/mm 2 and using the standard sequence. However, using the same b-value does not cause a change that explains the statistically significant difference we observed in the brain tissue. The slice-accelerated acquisition leads to a slight reduction in signal-to-noise ratio (the exact SNR quantification was out of the scope of our study) compared to the standard EPI sequence, e. g., due to a reduction in repetition time. We tried to compensate for this loss in SNR by adjusting the b-value from 800 s/mm 2 to 700 s/ mm 2 . A stronger b-value results in decreased SNR due to stronger signal dephasing caused by the diffusion gradients. We observed a decrease of the SNR of the multiband sequence compared to that of the standard EPI sequence when using the same b-value. However, since our goal was to keep the SNR stable, we changed the b-value in the multiband sequence, which might have slightly affected the DWI contrast. The remaining ADC values and CVs were in the range of previously reported literature values [18 -21] . The faster acquisition potentially allows the use of diffusion imaging methods with longer acquisition times in whole-body imaging, e. g., intravoxel incoherent motion and diffusion kurtosis imaging in a clinically applicable measurement time. We were only able to provide preliminary data on the clinical applicability with the evaluation of one patient with metastatic disease. In this single examination, the detectability of the metastatic lesions was in the expected range. However, the applicability of the slice-accelerated EPI sequence for different oncological diseases has to be further evaluated.
In conclusion, slice-accelerated EPI greatly reduces measurement time without having a significant impact on image quality. The reduction in measurement time might strongly contribute to the clinical applicability of WB-DWI. However, further refinement of the slice-accelerated EPI sequence and the WB-DWI protocol applying this sequence type seems necessary, and the value of such WB-DWI protocols for assessment of systemic oncological diseases needs to be investigated in further clinical studies.
